INTRODUCTION
Impact damage often may produce little visible surface damage, yet extensive subsurface delaminations, greatly reducing the load carrying capacity of the composite part [1] . For large composite structures typical of aerospace applications, thermal NDE techniques have been shown to provide quantitative information regarding the area and depth of hidden damage in composite samples [2] [3] . For a quantitative assessment of damage, where a noncontacting method capable of imaging large areas at a time is required, thermal techniques have some advantages.
Thermal methods for disbond detection to date have concentrated on damage assessment of materials with fairly high thermal conductivities. Carbon-carbon composites, graphite-epoxy composites, steel and aluminum are typical examples of materials for which thermal techniques have been shown to work well [4] , [5] . For a thin material with a high diffusivity, the thermal time constant is very small, on the order of milliseconds. The transient portion of the heat equation can then be neglected, leaving the solution for the heat equation in the material at thermal equilibrium. The resulting thermal signal on the surface results in an increase in temperature centered over the damage. The shape of the surface profiles in time remains constant and is a function of the delamination size and depth.
Investigation of material integrity by thermal methods is more difficult when the material has a relatively low conductivity and the damage is at a significant depth below the surface. A larger amount of energy must be imparted to the sample for a discernible signal due to a subsurface anomaly to appear at the surface. Long data acquisition times (a few minutes) are necessary to allow for the thermal signal due to a delamination to diffuse to the surface. Due to these long data acquisition times, in-plane diffusion of the thermal signal results in a large reduction in magnitude of the signal and a large overestimation of the damage area.
For the application presented in this paper, the development of the technique is motivated by the need for an NDE tool for assessment of impact damage to a Kevlar composite structure. This composite structure is used for space applications and must be flight certified. Inspection at any time was required, from composite layup to flight ready inspection. The composite is fabricated by a sequential lay-up consisting of four hoop layers, one longitudinal ply, four hoop layers, etc., resulting in a total thickness of approximately 1.6 cm. The composite is backed by a 0.3 cm layer of insulating rubber. A schematic of this structure is shown in Fig. 1 , along with a possible scenario for interlaminar damage due to impact. Note that impacting composite materials typically yields interlaminar debonding that increases in area with depth. Hence, deep delaminations are not totally obscured by debonding between previous plys.
The material has a relatively low diffusivity. Literature values of conductivity for Kevlar composites range from 3.4e-4 cal/sec·cm· 'C with heat flux perpendicular to the fibers to 40.3e-4 callsec·cm· 'C with heat flux parallel to the fibers for an example layup and matrix material. Experiments showed very little in-plane heat loss dueJo an anisotropy for the particular layup and matrix material of interest, so the composite was assumed isotropic with a conductivity of 3.4e-4 callsec·cm· 'C for initial computational simulations. Schematic of Kevlar composite with impact damage. 3 . The first sample is a 2.54 cm thick specimen of Plexiglass, chosen for its similarities in thermal properties to Kevlar (see Table 1 ). Areas representing damage at different depths from the surface are milled from the back side of the sample, ranging from 0.16 cm beneath the surface to 2.22 cm beneath the surface. Single sided thermal measurements are taken from the front side, as illustrated in Fig. 2 .
The second sample is a section of the structure fabricated with the Kevlar composite motivating this research. Damage in this sample is created by drilling holes in the side of the sample at different depths. Surface damage shown on the sample is created by milling a thin shallow line on the surface. All expected scenarios for damage are evaluated: two areas of surface damage are created, one with no underlying, hidden damage (Fig. 3, sample 2b) and another directly over buried subsurface damage (Fig. 3, sample 2a) . Additionally, a site of subsurface damage with no surface damage directly above is present (Fig. 3, sample 2c) . While drilling holes into the side of the sample does not exactly represent the type of damage seen in impacted specimens as illustrated in Fig. 1 , the effect on thermal diffusivity measurements is comparable. Interlaminar damage separates the load carrying fibers from the matrix material, creating an area of measurably lower diffusivity. Similarly, a hole in the side of the sample blocks the flow of heat at the air gap. Therefore the "depth" of damage for this sample is the distance from the surface to the top of the hole. A quantitative depth measurement is achieved by relating the time of peak surface Laplacian to the depth, a technique described in the next section.
From an initial finite element study, an optimum heating time for these materials and geometries was found. Accordingly, the samples are heated for 90 seconds with the quartz lamp configuration previously described, and the averaged images are collected during cool down. The images are then transferred to the microcomputer and stored for later analysis. Samples used for initial technique evaluation.
RESULTS
Calculating the approximate surface Laplacian of a temperature image has been discussed in previous papers as a quantitative method to detect subsurface disbonding in laminated materials [6] . The technique presented in this paper uses the surface Laplacian technique previously developed, applying the convolution to each image collected during cooldown to produce a series of Laplacian images. At surface locations above damaged areas, peaks in the Laplacian images with respect to time determines depth. After the removal of heat, the time for the thermal energy to reach the damage and diffuse to the surface is dependent on the depth of damage, the diffusivity of the material and the projected surface area of the damage.
The technique was applied to simulation data for the plexiglass sample, results of which are shown in Fig. 4 and Fig. 5 [7] . For initial studies, all milled regions are 6.45 cm 2 in area, and vary only in the depth from the surface. A heat flux boundary condition with a magnitude of 0.07 W/cm 2 is applied to the surface with a heating duration of 90 seconds. Constant free convection losses are modelled on the surface. A standard parametric meshing routine formed the three dimensional grid structure. To reduce cpu time and disk usage, onefourth of the sample was actually modelled due to symmetry, with a reflection boundary condition on the inside edges and results duplicated for the remaining three quadrants. The duration of cooling for each simulation depends on the time required for the thermal signal due to the damage to reach the surface, and is therefore dependent on the depth of the disbond. Simulations are generally run until a definitive peak appears in the surface laplacian with respect to time. As shown in Fig. 4 , simulation results compare extremely well with experimental data for shallow damage. As the damage gets deeper, experimental results do not agree as well with simulation results, indicating either some discrepancy in the true material properties versus those used in the simulation, or an underestimation in the magnitude of the heat flux boundary condition. Images at the time of peak surface Laplacian are shown for the three shallowest damage areas (Fig. 5) . For each depth of damage, a line graph of the surface Laplacian image across the damage region is drawn below the image, clearly showing the regions milled from the back, where the width at the half maximum is the approximate width of the damage [6] . In this manner, the surface Laplacian determines the presence or absence of a disbond, which can be established at any time during sample cooldown. If damage exists, taking the surface Laplacian of all images in time during cooldown and plotting the time of relative maxima provides a quantitative determination of the damage depth.
Plots of the surface laplacian for a given pixel as a function of time are shown in Fig.  6 , for disbonds ranging in depth from 0.16 cm to 1.27 cm from the surface. The time at which each of these curves peaks is plotted as a function of the depth and the diffusivity of the material, and increases linearly with the square of the depth for damage of the same area. The constant of proportionality in this case is 0.43. Inplane diffusion for damage of this type (milled from the back surface) may change the time at which the surface Laplacian peaks. Therefore, damage of different dimensions may change the slope of the resulting curve in Fig. 6 . Investigation into the effects of inplane diffusion on the technique are planned.
Application of the technique to the Kevlar composite sample (Sample b in Fig. 3) gives excellent results. All possible damage scenarios of interest are represented in this sample. Surface damage masking underlying damage, surface damage with no underlying damage, and damage beneath the surface with no surface anomaly present. Results for this sample are shown below in Fig. 7 . All damage regions are of approximately the same dimensions in the plane of the surface of the sample, minimizing the effects of any inplane diffusion. Surface damage appears in first image of the processed data (Fig. 7 A) . Near surface, but completely hidden damage with no overlying surface damage also appears in this image, but the magnitude of the surface laplacian has not yet reached a relative maxima. Simulation results for plexiglass sample. Time of peak surface gradient is a function of depth and diffusivity.
The second image in Fig. 7 shows the surface laplacian peaking over the near surface buried delamination and the signals due to the two surface damage regions almost completely gone (Fig. 7B) . This "shallow" damage is created by a drilled hole initiated from the side at a depth of 0.069 cm. The square of the depth divided by the diffusivity is then 4.67 seconds, and the time at which the surface laplacian peaks at this damage site is approximately 6 seconds after the end of heating.
Finally, image (C) in Fig. 7 corresponds to the deepest damage in the sample, which was drilled from the side and directly beneath an area of surface damage. The top edge of the damaged region is 0.3175 cm from the surface. The near surface damage from the previous image is beginning to fade, and the deeper damage is beginning to appear. The square of the depth divided by the diffusivity is then 98.8 sec. The image shown in Fig. 7C is taken 30 seconds into the cooling cycle of the sample. The gradient for this damage sight has not yet reached a relative maximum. 
CONCLUSIONS
A noncontacting thennal NDE technique has been presented which quantitatively detennines both disbond size and depth. Of particular interest for this paper is the application of the technique to thick, insulating materials. The technique is shown to delineate damage at the surface from underlying damage at different depths. This technique is appropriate in cases where multiple layers of damage may exist, and upper layers of damage may be masking underlying damage, as in impact damaged composites. The measurement technique uses unifonn heating with quartz lamps over a large area. Flaw depths are computed by perfonning an approximate surface Laplacian on each temperature image in the time history during sample cool down and plotting the time of relative maxima in the processed images for specific regions in the image. Finite element simulations and experimental application of the technique to Plexiglass and Kevlar show excellent agreement. For a 1.5 cm thick Kevlar composite, with buried damage 0.069 cm and 0.3175 cm below the surface and obscured by a surface gouge, the technique clearly delineates the damaged areas from the surface damage and gives quantitative depth of damage infonnation.
